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Reconstructing Voltage Sensor–Pore Interaction
from a Fluorescence Scan of a Voltage-Gated
K1 Channel
Yang et al., 1996; Yusaf et al., 1996; Starace et al., 1997;
Baker et al., 1998; Bao et al., 1999; Wang et al., 1999).
This motion appears to be accompanied by a rotation
(Cha et al., 1999; Glauner et al., 1999). S1, S2, and S3
have been proposed to shield S4’s positive charges
Chris S. Gandhi,† Eli Loots,† and Ehud Y. Isacoff*
Department of Molecular and Cell Biology
Physical Biosciences Division
Lawrence Berkeley National Laboratory
271 Life Science Addition
from lipid and, together with the shell of the pore domain,University of California, Berkeley
to form a gating canal through which basic residues ofBerkeley, California 94720
S4 move across the membrane (Kubo et al., 1993; Tiwari-
Woodruff et al., 1997, 2000; Durell et al., 1998; Li-Smerin
et al., 2000a). At rest, the internal activation gate is
Summary closed, while the external slow inactivation gate is open.
Activation motion of all four S4s of a channel permits
X-ray crystallography has made considerable recent the activation gate to fully open and favors closure of
the inactivation gate (Figure 1C).progress in providing static structures of ion channels.
To understand how these voltage-sensing motionsHere we describe a complementary method—system-
affect the conformation of the pore gates, it is necessaryatic fluorescence scanning—that reveals the struc-
to determine how both the voltage-sensing and poretural dynamics of a channel. Local protein motion was
domains move, whether they interact, and how thismeasured from changes in the fluorescent intensity
movement affects the interaction. Previous work hasof a fluorophore attached at one of 37 positions in the
suggested that closure of the slow inactivation gatepore domain and in the S4 voltage sensor of the Shaker
involves only a very limited protein rearrangement at theK1 channel. The local rearrangements that accompany
mouth of the external pore (Liu et al., 1996; Baukrowitz
activation and slow inactivation were mapped onto and Yellen, 1996; Starkus et al., 1997, 1998; Harris et
the homologous structure of the KcsA channel and al., 1998; Kiss and Korn, 1998; Immke et al., 1999; Kiss
onto models of S4. The results place clear constraints et al., 1999). However, several amino acids in this region
on S4 location, voltage-dependent movement, and the have been shown to undergo local changes in their pro-
mechanism of coupling of S4 motion to the operation tein environment during slow inactivation, suggesting
of the slow inactivation gate in the pore domain. that more global rearrangements occur (Cha and Beza-
nilla, 1997; Loots and Isacoff, 1998). The current study
tests this model by an extensive mapping of the externalIntroduction
pore domain in order to reveal which sites undergo the
inactivation rearrangement and to determine if this re-Fundamental to understanding the mechanism of ion
gion of the protein also undergoes an activation re-channel function is the endeavor to elucidate the struc-
arrangement.tural basis of gating (the opening and closing of a chan-
A complementary mapping of S4 defines two distinctnel’s transmembrane ion conduction pore) and the regu-
phases of S4 motion: a voltage-sensing rearrangementlation of a channel’s gates by signal transduction
and a possible additional rearrangement that accompa-domains. Voltage-gated ion channels are among the
nies closure of the slow inactivation gate (Olcese et al.,best-understood channels. These channels consist of
1997; Loots and Isacoff, 1998). Taken together, thesefour similar subunits, each consisting of six a-helical
maps constrain the position of S4 relative of the pore.transmembrane segments (S1–S6) and a pore-forming
To investigate these rearrangements, we employ sys-loop (P loop) (Figure 1A; see Yellen, 1998, for review).
tematic fluorescence scanning. As with other scanningS5 and S6, together with the P loop form the transmem-
techniques, such as alanine or tryptophan scanning mu-brane pore (the pore-forming domain; Figure 1B) as well
tagenesis, fluorescence scanning provides a screen ofas the channel’s two gates: the activation gate, near the
a large series of individual sites. Alanine and tryptophaninternal end of the pore, and the slow inactivation gate,
scans lead to deduced secondary and tertiary structurelocated in the selectivity filter near the external end of
by an interpretation of functional perturbations. Recentthe pore (Figure 1C; Liu et al., 1996; Baukrowitz and
systematic mutagenesis was used to classify sites in
Yellen, 1996; Starkus et al., 1997, 1998; Harris et al., voltage-gated K1 channels by the degree of perturbation
1998; Kiss and Korn, 1998; Immke et al., 1999; Kiss et of the voltage dependence of channel opening (Monks
al., 1999). A voltage-sensing domain, S1–S4, surrounds et al., 1999; Hong and Miller, 2000; Le-Smerin et al.,
the pore domain and influences the state of the pore 2000a, 2000b). Disruption of function, or large perturba-
gates by transducing a voltage change across the mem- tions in voltage dependence, was interpreted in these
brane into a conformational change of the pore. studies to identify sites that lie at protein–protein inter-
Signal transduction is achieved by the voltage-depen- faces, while small or absent effects were taken to iden-
dent motion of positively charged residues on the S4 tify sites that face lipid. More recently, a similar approach
transmembrane segment (Logothetis et al., 1992; Yang attempted to define an interface on the pore domain
and Horn, 1995; Aggarwal and MacKinnon, 1996; Lars- that interacts with S4 (Le-Smerin et al., 2000a). These
son et al., 1996; Mannuzzu et al., 1996; Seoh et al., 1996; studies are complicated by the fact that the voltage
dependence of channel opening depends not only on
S4 movement, but also on two other factors: subunit* To whom correspondence should be addressed (e-mail: eisacoff@
cooperativity and the energetics of the transition thatsocrates.berkeley.edu).
† These authors contributed equally to this work. opens the activation gate (Schoppa and Sigworth, 1998;
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Figure 1. Shaker Architecture Compared with KcsA
(A) Membrane topology of a single Shaker subunit. Six a helices (S1–S6) cross the membrane to form a homologous KcsA-like pore domain
(boxed) and a voltage-sensing domain that includes a positively charged S4.
(B) Top down representation of Shaker as viewed from outside the membrane. Four subunits assemble to form an 80 A˚ by 80 A˚ square (Li
et al., 1994). A pore-forming domain (blue ribbon), corresponding to S5–S6, forms a central core domain that is surrounded by S1–S4.
(C) Two-tier model of activation and inactivation. At rest (top left), S4 is in its retracted position (gray bar). The internal activation gate is
closed, and the external inactivation gate is open. Depolarization causes a fast extrusion of S4 (top middle), which is followed by opening of
the internal gate (top right). S4 extrusion stabilizes closure of the inactivation gate (bottom right) followed by closure of the activation gate
(bottom middle). Hyperpolarization retracts S4 (bottom left).
(D) Sequence alignment of KcsA and Shaker. Indicated Shaker positions in the S4 voltage sensor and the S5–S6 turret/pore domain were
examined under voltage-clamp fluorometry.
Ledwell and Aldrich, 1999; Mannuzzu and Isacoff, 2000). series of contiguous positions in the primary structure
This means that pore domain sites with large perturba- of the S3–S4 linker, S4, and the solvent-accessible posi-
tions of voltage dependence of opening do not uniquely tions in the pore domain (Figure 1D). The change in
identify sites that interact with S4. fluorescence intensity (DF) in response to a voltage step
Fluorescence scanning has the advantage of directly was measured and related to specific channel gating
revealing local protein motions that accompany specific events measured simultaneously under voltage clamp.
gating steps and thus does not rely on the interpretation
of functional perturbations. We find the resolution of
Identity of Functional Transitionsthe method to be remarkably high, with a position by
in the Fluorescence Reportposition specificity of the report. The results are used
Before carrying out the full fluorescence scan, we exam-to generate rearrangement maps of the homologous
ined the kinetics and voltage dependence of the DF atKcsA pore domain and of an a-helical model of S4 mo-
several sites in conducting channels, where the DF couldtion during activation and inactivation. These maps lead
be related to transitions that open and close the poreto a model of S4–pore domain tertiary interactions and
gates, and in a nonconducting mutant, where the fluo-enable us to reconstruct fundamental features of the
rescence change could be related to the voltage-sens-activation and inactivation rearrangements of the volt-
ing steps that move gating charge. Sites in both S4age-sensing and pore domains. We conclude that inacti-
and the pore domain showed both fast and slow DFs.vation involves a rearrangement that propagates through
Although, in conducting channels the fast DFon corre-the entire pore domain and an additional rearrangement
lated kinetically with channel opening and the slow DFonof S4. The results are most consistent with an axial
translation of S4 through the gating canal. correlated kinetically with closure of the inactivation
gate, it is likely that the fast component is triggered by
the voltage-sensing transmembrane movement of S4.Results
As shown in Figures 2A and 2B for one fluorophore
attachment site in the pore domain and one in S3–S4,The fluorophore 69-tetramethylrhodamine (TMRM) was
covalently attached to singly introduced cysteines at a near S4, voltage steps that move gating charge, but that
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Fluorescence Scan Identifies Activation and
Inactivation Zones in the Pore Domain
We first examined the Shaker pore domain. The struc-
ture of the homologous KcsA channel (Doyle et al., 1998;
MacKinnon et al., 1998) was used as a framework upon
which to “paint” activation and inactivation rearrange-
ments. TMRM was attached to Shaker positions analo-
gous to the KcsA turret and the outer end of the pore
helix, but not in the deep pore helix or selectivity filter,
where cysteine substitution and labeling were expected
to greatly perturb the channel.
Of 22 residues examined between position 416 at the
outer end of S5 and 454 at the outer end of S6, five
cysteine substitutions did not express at high enough
levels to provide adequate fluorescence signals. The
remaining 17 sites expressed well and labeled with fluo-
rophore. All but two of these had a detectable state-
dependent DF. The DFs varied in direction, magnitude,
and kinetics, with no two sites giving the same response
(Figure 3). To ensure the correct identification of the
gating rearrangement that produces the fluorescence
report, the DF was always compared with the current
measured simultaneously from the same oocyte.
The sites were categorized based on the kinetics of
their onset fluorescence change in response to depolar-
ization (DFon). The DFon kinetics for the pore domain at-
tachment sites could be divided into two categories: (1)
sites displaying a fast DFon component, which tracks
activation, as well as an inactivation component of vari-
able relative magnitude, and (2) sites displaying only a
slow DFon component, which tracks inactivation (Figure
3). The inactivation components in sites of the first cate-
gory ranged between a substantial fraction of the total
DF down to the limits of detection. The results of the
Figure 2. Fast Component of Fluorescence Correlates with Gating pore domain scan were mapped onto the backbone of
Charge the KcsA crystal. As seen in Figure 3, this mapping
(A) Ionic current and fluorescence changes as reported by position produces a well-defined pattern. A stripe of positions
350 and position 422 labeled with 69-TMRM. Tilted arrows indicate spanning the uppermost parts of S5 and S6 elicited DFs
fast fluorescence changes observed at voltages that do not open
that report on activation (and, in most cases, also onchannels but do move gating charge, consistent with S4 motion as
inactivation) (category 1, yellow residues in Figure 3 andthe primary contributor to the observed fluorescence change.
Table 1). This activation stripe is surrounded on both(B) Gating current, gating charge, and fluorescence changes from
sides by positions whose DF only follows the slowerposition 350 permanently inactivated by the mutation W434F and
labeled with 69-TMRM. Note that in the absence of channel opening, conformational rearrangement of inactivation (category
the large and fast fluorescence change. Gating current (top trace) 2, blue residues in Figure 3 and Table 1).
was integrated with respect to time to calculate the total gating The activation stripe consists of positions that are
charge moved. The gating charge was then fit to a standard second noncontiguous in the primary structure. In addition, the
order exponential. The resulting time constants were held constant
DFs at many neighboring positions in the tertiary struc-and fit to the fluorescence (blue line).
ture do not report the same gating event. These observa-
tions argue against reorientation of the protein back-
bone as the cause of the fast DF, suggesting that thedo not open the channel, produced fast DFs. In addition,
activation stripe does not reflect rearrangement of thein W434F channels, a good kinetic correlation was ob-
pore domain, but rather that fluorophores bound to thisserved between the fast DFon and the outward movement
region of the pore domain sense the activation move-of gating charge (Figure 2B). This is consistent with
ment of S4. In order to determine how such an interac-previous fluorescence measurements in both the pore
tion might occur, we obtained a similar rearrangementand S4 regions (Mannuzzu et al., 1996; Cha and Beza-
map of S4.nilla, 1997, 1998; Loots and Isacoff, 1998; Glauner et al.,
1999; Mannuzzu and Isacoff, 2000). While these results
do not exclude a contribution to the fast DF from the
Fluorescence Scan of S4rearrangement that opens the activation gate (Figure
We systematically scanned positions in S4 and in the1C), they implicate gating charge movement by S4 is
contiguous C-terminal end of the S3–S4 linker. Of theresponsible for at least part of the fast DF for fluorophore
24 sequential sites between 346 and 369 that wereattached to both S4 and the pore domain. The kinetic
tested, all formed functional conducting channels, andcorrelation of the fast DF and channel opening is consis-
all but two deep sites in S4, 367 and 368 (site of argininetent with S4 extrusion being rate limiting for channel
3) (see Wang et al., 1999), labeled and displayed measur-opening (see Schoppa and Sigworth, 1998; Ledwell and
Aldrich, 1999). able DFs. As with the pore domain, the DFs varied in
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Figure 3. Fluorescence Reports Define Activation and Inactivation Patches in the Pore Domain
(A) Ionic current (left) and fluorescence traces (right) for three cysteine-substituted pore positions labeled with 69-TMRM. Positions were
classified according to their fluorescence kinetics (DF). All positions that showed a DF demonstrated a slow fluorescence component; however,
some positions demonstrated a fast fluorescence component as well. Slow fluorescence changes correlate with the rate of macroscopic ionic
current decay or p-type inactivation. Fast fluorescence changes correlate with channel activation.
(B) Top down ribbon view of the KcsA crystal structure. Backbone atoms of positions labeled with 69-TMRM are space filled and color coded
according to their fluorescence kinetics. Blue positions produce fluorescence changes that follow inactivation; yellow positions produce
fluorescence changes that track activation and slow inactivation. There is a clear clustering of positions that track activation surrounded by
positions that only track inactivation.
(C) Collection of side views of one subunit of the KcsA crystal structure with the backbone of each residue examined color coded as described
above. The first panel shows a clear stripe of yellow positions that report on channel activation extending up the backside of the pore domain.
sign, magnitude, and in the reported gating event (Figure earlier studies that suggested that S4 is helical (Peled-
Zehavi et al., 1996; Li-Smerin et al., 2000a). When S4 is4). The individuality of the DFs is evident in the display
of representative traces from the entire S4 data set (Fig- modeled as an a helix, the kinetic categories point in
every direction from the backbone, as seen in theure 5A).
The sites were categorized into three groups based a-helical wheel (Figure 4B). A side view reveals a pattern
of continuous kinetic zones. Each zone paints a left-on the kinetics of the DFon and were color coded in
Figure 4 and Table 1: (1) green sites that had a large handed spiral as it advances outward along the segment
(Figure 5B).fast activation component (.80% of the total amplitude)
and a small or absent slow inactivation component; (2) The spiral of positions that track activation and inacti-
vation motions (magenta) coincides with the spiral ofmagenta sites that had sizable activation and inactiva-
tion components (ranging from a 40%–60% contribution basic residues that contribute to the gating charge start-
ing from position 365 at the internal end of S4 and ex-to total amplitude of each component; and (3) blue sites
that had a large fractional inactivation component tending outward to position 353 in S3–S4. Position 365,
the location of S4’s second positive charge (R2), was(.80% of the total amplitude) and a small or absent
activation component. The green activation section lies shown earlier to carry gating charge and to completely
cross the membrane (Aggarwal and MacKinnon, 1996;in the N-terminal, outer half of the segment; the blue inacti-
vation section at the C-terminal, inner half; whereas the Larsson et al., 1996; Seoh et al., 1996; Yang et al., 1996;
Yusaf et al., 1996; Starace et al., 1997; Baker et al., 1998).magenta activation/inactivation section overlaps with
both (Figures 4 and 5). The activation (green) residues cluster at the external
end of the segment and intertwine with the magentaThe kinetic behaviors were painted onto a b sheet
(data not shown) and onto an a helix (Figure 4B). The b spiral as they advance toward the membrane, breaking
off midway down the segment where the blue spiralsheet map has a scattered distribution of the three ki-
netic behaviors, with no coherent pattern. In contrast, begins. The inactivation (blue) spiral then continues
deeper into S4, intertwined with the magenta spiral. Thethe helical map provides a coherent picture, supporting
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Table 1. Summary of Results
Summary of reported gating transitions in S3–S4 (group of first two columns) and the outer pore domain (group of last two columns). The
wild-type sequence and kinetic color coding used in Figures 3, 4, and 6 are shown. A/I indicates the direction of the fluorescence change for
the transition from rest to activation (A) and activation to inactivation (I). The fractional contribution to the total fluorescence change from the
activation and inactivation transition are listed as the percentage of their DF/F0 value 6 SEM. Positions whose activation and inactivation
components are opposite in direction have a summed activation and inactivation component greater than 100%. The magnitude of the
activation and inactivation fluorescence change was measured at maximal channel opening and at two-thirds the level of inactivating current,
respectively. Position 418 was a unique case where labeling with TMRM inactivated the channel so that the activation motion reported took
place from the inactivated conformation.
green–blue boundary roughly coincides with the bound- If this hypothesis about fluorescence hysteresis is cor-
rect, then it should be possible to show that it developsary of external solution exposure that was defined in
earlier studies for S4 in its resting position (Figure 5B, during the process of inactivation. We tested this idea at
one of the green activation sites that showed a dramaticdashed lines) (Larsson et al., 1996; Yusaf et al., 1996;
Baker et al., 1998; Wang et al., 1999). repolarization overshoot, site 352 (Figures 5A and 6A).
The fluorescence in response to a short depolarization,
long enough to activate the channel but not to inactivateStructural Hysteresis Revealed by Fluorescence
it, was compared to the fluorescence response to aAt many of the sites in S4, the DFon and DFoff are symmet-
depolarization long enough to inactivate the channel.rical with respect to each other (i.e., fast-on/fast-off or
As shown in Figure 6A, the short pulse produced a sym-slow-on/slow-off). However, as seen in Figure 5A, about
metrical response, with the DFoff restoring brightness tohalf of the S4 sites are not symmetrical, showing either
baseline. On the other hand, when the inactivation gatea switch in kinetics or an overshoot of the baseline upon
was closed by a subsequent long pulse, the DFoff over-repolarization. This difference in DFon and DFoff indicates
shot the baseline, consistent with deactivation placingthat fluorophore bound to S4 experiences a different
S4 in a structural environment that is different fromstructural pathway during activation while the inactiva-
where it started when the inactivation gate was open.tion gate is open as opposed to deactivation while the
A further prediction for fluorescence hysteresis is thatinactivation gate is closed (Figure 1C). The implication
inactivation should change S4’s structural pathway notis that closure of the inactivation gate changes the na-
ture of S4’s interaction with its environment. only in the DFoff, but also during a DFon evoked by a new
Figure 4. Three Classes of Fluorescence Report in S4 and the Proximal S3–S4 Linker
(A) Four characteristic DFs from a scan of S4 and the S3–S4 linker. Three different classes of DFs were observed and color coded according
to the kinetics of their DFon. Magenta positions report activation and slow inactivation kinetics (356 and 362). Blue positions report predominately
inactivation kinetics (361), and green positions report predominately activation kinetics (352).
(B) S4 results mapped onto an a-helical wheel. The even distribution of kinetics around the wheel demonstrates that the conformational
changes for both fast activation and slow inactivation are sensed by fluorophores pointing in all directions from the S4 backbone.
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Figure 5. Entire Data Set and Complete
Structural Map of the Fluorescence Scan of
the S4 Region
(A) Fluorescence traces mapped onto a flat-
tened a helix. Note the continuous diagonal
stripe of magenta sites extending from 365
to 353 and including positions 362 and 365,
location of the first two charge carrying argi-
nines in S4.
(B) The color-coded kinetics mapped onto
side views of an a helix (rotated 1808 with
respect to each other; N terminus at the top),
revealing the clustering of the three kinetic
behaviors: green (activation) residues at the
top, magenta (activation 1 inactivation) resi-
dues in the middle, and blue (inactivation) res-
idues at the bottom. The magenta residues
paint a left-handed spiral up the length of the
segment, intertwining with the blue residues
at the C-terminal end and green residues to-
ward the N-terminal end. The boundary of
exposure to the external solution in the rest-
ing state is illustrated by the dotted line.
depolarization, as long as the second depolarization et al., 1993; Heginbotham et al., 1994; Hurst et al., 1996;
Harris et al., 1998), the results lead to a model in whichtakes place before the inactivation gate reopens. A par-
ticularly clear confirmation of this prediction was ob- S4 triggers a rearrangement that propagates from the
edge of the pore domain to the central axis. The modeltained when the same experiment was performed with
the 59 isomer of TMRM at position 352 (Figures 6B and raises several questions. What is the motion that S4
undergoes during activation and inactivation? Is the in-6C). In this case, a short depolarizing pulse produced
a symmetrical response with a fast decrease in bright- activation rearrangement of the pore domain confined
to the selectivity filter or broadly distributed? Are thereness in response to the depolarization. As with 69 TMRM,
a depolarization that was long enough to inactivate the activation motions in the outer pore domain?
channel led to a DFoff overshoot of the baseline upon
repolarization (data not shown). In addition, when most
of the channels were still inactivated, a second short Fluorescence Scanning of Protein Motion
depolarization evoked a DFon of opposite sign—increas- at a Single Amino Acid Resolution
ing fluorescence with depolarization (Figure 6C). This We employed fluorescence scanning to address these
reversal in relative brightness was made permanent by questions directly by developing a detailed map of the
the W434F mutation, which stabilizes the closed confor- activation and inactivation rearrangements of S4 and
mation of the inactivation gate (Figure 6C, inset). the pore domain. As with other scanning techniques
These results at position 352 suggest that all of the applied to ion channels, such as alanine or tryptophan
green positions that show fluorescence hysteresis (Fig- scanning or cysteine accessibility scanning (Dart et al.,
ure 5A) undergo an inactivation rearrangement relative 1998; Karlin and Akabas, 1998 [review]; Matulef et al.,
to their local protein environment, but only when the 1999; Minor et al., 1999; Monks et al., 1999; Li-Smerin
channel is at rest (deactivated). Upon activation, these et al., 2000a, 2000b), fluorescence scanning leads to
residues must move far enough from this surrounding deductions about structure from emergent patterns,
protein to be insensitive to the inactivation motion. rather than isolated point mutations. The advantage of
the fluorescence scan method is that the final map is
based on directly observed protein rearrangements thatDiscussion
are identified with specific gating transitions.
Channel gating events can happen in two sequences.
In most voltage-gated ion channels, membrane depolar-
ization leads to opening of the activation gate followed Axial Translation of S4 during Activation
What type of protein motions can account for the kineticby closure of the inactivation gate. However, as ob-
served for the HERG K1, channel depolarization can maps obtained from our fluorescence scan? We start
by examining one of the better-understood rearrange-result in closure of the inactivation gate before the acti-
vation gate has opened (Smith et al., 1996). Mutations or ments in voltage-gated channels: the activation move-
ment of S4. Earlier work has shown that the outwardmanipulations of permeant ions can also have separate
influences on the behavior of the gates (Lopez-Barneo displacement of gating charge depends on basic resi-
dues in S4, which appear to shuttle charge across theet al., 1993; Boland et al., 1994; Baukrowitz and Yellen,
1995). This leads to the idea that the activation and slow membrane electric field (Aggarwal and MacKinnon,
1996; Seoh et al., 1996; Starace et al., 1997). This gatinginactivation gates are each regulated separately by the
voltage sensor. charge translocation was shown to be accompanied by
a change in the accessibility of sites in S4 to the internalTaking account of earlier work that identified addi-
tional residues important for stabilizing the open confor- and external solution in a manner consistent with an
outward motion of S4 upon depolarization (Yang andmation of the gate (Lopez-Barneo et al., 1993; Perozo
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for gating with a cooperative step that follows indepen-
dent gating charge carrying steps with sufficient for-
ward-bias to endow the charge carrying steps with ap-
parent cooperativity or a late charge carrying step that
is intrinsicaly cooperative (Smith-Maxwell and Aldrich,
1998a, 1998b; Ledwell and Aldrich, 1999).
Indeed, our recent work (Mannuzzu and Isacoff, 2000)
demonstrated cooperativity in a major late charge car-
rying step of S4 motion, which overlaps in voltage de-
pendence with the major early charge carrying step (Be-
zanilla et al., 1994). This means that if S4s undergo axial
translation, they would tend to do so together and there-
fore not be at a maximum distance from each other at
the midpoint of the charge-voltage relation, as predicted
by Cha et al. (1999) for independent motions. This has
left the question of axial translation unresolved.
We now find that functional rearrangements of the
channel produce an environment change of a long
stretch of S4 extending into S3–S4. The fluorescence
intensity is influenced by two major factors: local dielec-
tric and proximity to quenching groups from adjacent
parts of the protein. Depending on the site of fluorophore
attachment, either factor may dominate the fluores-
cence. Most of the activation (green) positions get
brighter in the activated state, while most of the activa-
tion/inactivation (magenta) and inactivation (blue) posi-
tions get dimmer. We conjecture that this is because
the outer end of the S3–S4/S4 segment, which is acces-
sible to cysteine modification in both resting and acti-
vated states, changes its water exposure only modestly
upon activation (minimal change in dielectric), but un-
dergoes a considerable change in interaction with the
Figure 6. Structural Hysteresis Near S4: Deactivation Returns Posi- protein surface, with translation removing the fluoro-
tion 352 into Two Distinct Environments, Depending on Whether the
phore from quenching interactions with the protein sur-Inactivation Gate Is Open or Closed
face. In contrast, the “deeper” S4 sites are only accessi-
(A) Position 352 labeled with 69-TMRM reports an undershoot of
ble to external solvent in the activated state and, so,baseline fluorescence (top trace) upon repolarization after a 9 s
are expected to experience a substantial change in di-inactivating depolarization but not a shorter 40 ms depolarization.
electric upon activation, while likely remaining in suffi-(B) Ionic current recorded from position 352 labeled with 59-TMRM
cient contact with protein so that there is a smallerelicited by a three-pulse protocol. An initial 40 ms pulse (activating
pulse 1) opens .99% of the channels without accumulating inactiva- change in quenching.
tion. After 2 s, a 9 s depolarization is applied that inactivates the Fluorophores attached to S4 experience local protein
majority of channels. After a short wait, and incomplete recovery motion during activation and inactivation regardless of
from inactivation, a second 40 ms depolarization (activating pulse the direction in which the fluorophore attachment site
2) is applied that opens only 35% of the channels. points from S4’s backbone (Figure 4B) indicating that
(C) Current (top) and fluorescence (bottom) recorded from activating activation and inactivation involve a change in the inter-
pulses 1 and 2 from (B). Activating pulse 1 (depolarization from
action between S4 and its entire protein surround. Thethe resting state) produces a downward deflection in fluorescence.
simplest interpretation is that S4 itself undergoes bothActivating pulse 2 (depolarization from the inactivated state) pro-
activation and inactivation rearrangements. In addition,duces an upward deflection in fluorescence. Permanent inactivation
distinct kinetic zones that report on specific gatingby the W434F mutation always produces an upward deflection in
fluorescence (inset). events are apparent along the length of S4 (Figure 5B).
The pattern we observe from our scan is most consistent
with an outward axial translation of S4 during activation,
Horn, 1995; Yang et al., 1996; Larsson et al., 1996; Man- followed by a separate inactivation rearrangement.
nuzzu et al., 1996; Yusaf et al., 1996; Starace et al., 1997; The first kinetic zone consists of the outermost section
Baker et al., 1998; Wang et al., 1999). of S4 and the C-terminal half of the S3–S4 linker. Fluoro-
Recent studies have provided evidence in support phores in this zone undergo a very large fluorescence
of an S4 helical rotation of 180o during activation and change, the majority of which follows activation (green
proposed that the transmembrane exposure change of positions, Figure 5B and Table 1). The conformational
side chains could actually take place by rotating side change of slow inactivation is either not sensed at all
chains between the internal and external vestibules of or barely sensed at this segment as long as the channel
the S4 “gating canal,” possibly in the absence of axial is activated, but deactivation back to the resting state
translation (Cha et al., 1999; Glauner et al., 1999; and brings the segment into a position where the fluorophore
see Horn, 2000). One of the studies (Cha et al., 1999) distinguishes between the open and closed states of
argued against axial translation but based its argument the inactivation gate. This hysteresis in the interaction
on the assumption that S4s move independently in the of S3–S4 with its protein environment (Figures 6B and
four subunits. However, kinetic models for Shaker (Za- 6C) suggests that activation displaces the segment
away from the protein surface.gotta et al., 1994; Schoppa and Sigworth, 1998) account
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The second kinetic zone, further toward the mem-
brane than the green activation zone, consists of posi-
tions that report on both the activation and inactivation
conformational changes (magenta positions, Figure 5B
and Table 1) and includes positions that traverse the
boundary of exposure to the external solution when S4
is activated. Fluorophores attached to this section have
large fluorescence changes, sensing an environment
change as they travel from the gating canal to the exter-
nal face of the protein resulting in an activation DF,
similar to the green section (Figure 5A). However, unlike
the green section, these positions remain close enough
to the surrounding protein in the activated state to sense
subsequent environmental changes due to the inactiva-
tion rearrangement.
The third kinetic zone consists of deep positions that
predominately follow inactivation (blue positions, Figure
5B and Table 1). Activation may not move these sites far
enough out of the gating canal to produce a substantial
environment change.
The three kinetic zones interlace around the boundary
between S3–S4 and S4. The activation (green) and acti-
vation/inactivation (magenta) zones cross the boundary,
and positions 346–358 in S3–S4 clearly undergo a con-
formational change that accompanies the voltage-
driven movement of S4. This suggests a rigid body mo-
tion of S3–S4, consistent with its apparent a-helical
structure (Li-Smerin et al., 2000a) and further argues
that S3–S4 and S4 move as a single unit. As would be
expected for a significant motion of a structured S3–S4
domain during activation, truncations and substitutions
in S3–S4 have been shown to produce a 3- to 89-fold
slowing of activation (Mathur et al., 1997; Gonzales et
al., 2000), and a complete deletion of the linker produces
both a 45-fold slowing in activation and a 50% de-
crease in the amount of gating charge moved (Gonzales
Figure 7. Two-Tier Model of Activation and Inactivation Motionset al., 2000), and, finally, binding of hanatoxin to S3–S4
and Interactions of S4 with the Pore Domaingreatly modifies the energetics of activation (Swartz and
The pore domain and S4 segment from one subunit are colored asMacKinnon, 1997b).
described in Figures 3 and 5. Colored text between states indicate
S4 positions that report the indicated functional transition. At rest
Kinetic Coding Paints Charged and Hydrophobic (top left) the external end of S4 lies against the backside of S5
and S6. Depolarization causes an upward helical screw motion thatSpirals on S4: Threads on the Helical Screw?
extends the green S4 positions away from the pore domain (topIn agreement with earlier studies (Peled-Zehavi et al.,
right). The length of S4 moves along the backside of the pore domain1996; Li-Smerin et al., 2000a), our kinetic map of S4 is
creating the yellow activation stripe observed in the pore and theconsistent with a helical secondary structure. The ki-
fast fluorescence changes reported by the green and magenta posi-netic map of S4 shows three left-handed spirals that
tions in S4. Inactivation (bottom panels) involves a global re-
intertwine and extend up the length of S4. Remarkably, arrangement of the pore and the voltage-sensing domain that is
one of these spirals (magenta) overlaps with the spiral shown as a change in the tilt angle of S4 relative to the pore. The
of basic residues on S4 that gives rise to part of the inactivation rearrangement is reported by all of the magenta and
gating current. What can this mean for the gating canal blue sites in S4 and the light blue sights in the pore. Inactivation
does not affect the fluorescence of the green S4 residues that areand for the transmembrane motion of S4 through it? The
extended away from the pore domain, but upon repolarization fromcanal is expected to include the acidic amino acids in
the inactivated state many of these positions report an environmentS2 and S3, which have been implicated in electrostatic
altered by inactivation (bottom right, Figure 6C).interactions with basic residues in S4 (Tiwari-Woodruff
et al., 1997, 2000; and see Seoh et al., 1996). If the gating
canal were immobile, then axial translation of S4 would
need to occur in a helical screw motion, as originally as discussed above, and the deeper blue residues would
move outward but not extend far beyond the narrowestproposed by Catterall (1995). This motion would occur
along the pitch of our observed kinetic spirals, combin- part of the gating canal. The blue sites do not signifi-
cantly change environment upon activation, indicatinging translation with the kind of rotation reported recently
(Cha et al., 1999; Glauner et al., 1999). In this way, S4’s that even when S4 is extruded they still interact with the
surrounding protein in a manner that is similar to theirbasic spiral could glide along a “groove” of opposite
charge, without requiring any additional rearrangement resting state interaction. Such a behavior is consistent
with the observation in Na1 channels that although acti-of S2 and S3.
In a helical screw motion, the most superficial green vation exposes R2 and R3 to the external solution, it
does not expose the two hydrophobic residues that liesites would be extruded into the extracellular solution,
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between them, indicating that they are still buried of a polar groove in the gating canal); and (3) a band of
residues in the pore domain (which have their environ-against the surrounding protein (Yang et al., 1997).
These results argue that the “grooves” in the gating ment changed by the nearby motion of S4).
Inactivation involves a global rearrangement in thecanal for the magenta and blue “threads” differ not only
in polarity but in length, with the magenta “groove” being pore domain and also a rearrangement in the voltage-
sensing domain, which is depicted as a change in theshorter and more polar.
tilt of S4 relative to the pore domain. The inactivation
rearrangement does not affect the environment of theAn Inactivation Rearrangement in the Voltage-
green sites in S3–S4 (which project into solvent whenSensing Domain
S4 is in the activated conformation), but it changes theA simple inward and outward rigid body movement of
interaction of the deeper section of S4 (blue and ma-S4 through an immobile gating canal would be expected
genta sites) with the entire protein surround of S4 (i.e.,to produce a purely “fast” kinetic behavior along the
S2 and S3 in the voltage-sensing domain and the outerlength and circumference of the external portion of S4,
edge of the pore domain “walls” of the gating canal).with a fluorescence that changes in parallel with inward
The model places the extracellular end of S4 alongand outward gating charge translocation. Our measure-
the backside of the pore-forming domain, z30 A˚ fromments reveal that the actual situation is more complex.
the central pore, in S4’s resting conformation. S4 andWe find that S4-attached fluorophores sense not only
some of the adjacent residues in the S3–S4 linker slideactivation, but also inactivation, either directly or via
across the pore domain upon activation. The proposedinactivation-dependent hysteresis. Interestingly, regard-
geometry means that S3–S4 is at least 20 A˚ from theless of the assumed secondary structure the fluores-
central axis when the channel is activated, in goodcence report of the inactivation rearrangement is seen
agreement with recent distance estimates (Cha et al.,at attachment sites located along much of the length
1999; Blaustein et al., 2000). This places the S3–S4 linkerof the segment and project in all directions from the
sufficiently far enough away from the pore to allow it tobackbone (Figure 4B). This behavior indicates that S4
bind the gating modifier hanatoxin at the same timeundergoes an additional rearrangement with respect to
that the pore blocker agitoxin is bound (Swartz andthe voltage-sensing and pore domains during slow inac-
MacKinnon, 1997a).tivation.
The emerging picture is of a coupling interaction be-
tween S4 and a specific docking site on the pore domain.A Global Inactivation Rearrangement of the Pore
Domain and a Discrete Activation Band
Proposed to Define the S4 Footprint Conclusion
Concurrent with S4’s apparent inactivation rearrange- One of the challenges to elucidating the structural basis
ment, practically every site examined in the pore domain of channel function is that channels are multidomain,
also senses a local protein motion of inactivation. This multisubunit proteins with complex conformational path-
argues that slow inactivation involves a global re- ways, making it difficult to associate solved structures
arrangement of channel structure, perhaps akin with with specific functional states. We describe here the
the whole subunit reorientation that underlies gating of method of fluorescence scanning that provides both
nicotinic receptors (Unwin, 1996). The broad distribution structural and functional information. While the resolu-
in both the voltage-sensing and pore domains of the tion of fluorescence scanning is not equal to that of
conformational change provides a structural explana- some structural techniques, we demonstrate the ability
tion for the cooperative interactions between subunits of fluorescence to reveal local protein motions at a single
that have been demonstrated during slow inactivation amino acid resolution, under physiological conditions
(Ogielska et al., 1995; Panyi et al., 1995). that permit structure to be associated with function. The
Although global rearrangements appear to take place technique enables the animation of static structures,
in the pore domain during inactivation, activation only which have been solved by traditional structural tech-
affects the fluorophore at a discrete subset of residues. niques.
The confined distribution of these residues into a narrow We have used fluorescence scanning to generate a
band suggests that the activation DF is not actually real-time map of the functional rearrangements of the
induced by a conformational change within the pore Shaker K1 channel and to create a physical model for
domain, since such motion would be expected to propa- how S4 and the pore domain move and interact during
gate more broadly through the pore domain surface, as the transitions of voltage sensing and the subsequent
appears to occur with inactivation. Instead, the activa- closure of the channel’s slow inactivation gate. The pro-
tion DF could be induced by a nearby transmembrane posed interaction between S4 and the pore domain rep-
motion of S4. This places S4 near the outer boundary resents a concrete molecular substrate for directly cou-
of the pore domain where it interacts directly with the pling voltage sensing to the operation of a channel gate.
external ends of S5 and S6, consistent with proposed
electrostatic interaction between S4 and charges in this
Experimental Proceduressection of the pore domain (Elinder and Arhem, 1999).
Figure 7 presents a structural model that can account
Molecular Biologyfor the kinetic maps of both the pore domain and S4.
Site-directed mutagenesis was performed using QuickChange mu-Activation occurs via a helical screw motion of S4 that
tagenesis (Stratagene, La Jolla, CA) and confirmed by S35 or fluores-
induces a fast environment change at three locations: (1) cence sequencing. Unless otherwise indicated, all mutations were
green residues in S3–S4 (which move from the external made in the Shaker H4 (D6–46/W434/C245V/C462A) background as
mouth of the gating canal and into the solvent); (2) ma- described previously (Mannuzzu et al., 1996).
genta residues in S3–S4 (which move along the external cRNA was transcribed using using the T7 mMessage mMachine
kit protocol (Ambion, Austin, TX). Injection of Xenopus oocytes (50mouth of the gating canal) and in S4 (which move out
Neuron
594
nl mRNA, at 1 ng/nl), native cysteine blocking with tetraglycine ma- channels: II. The components of gating currents and a model of
channel activation. Biophys. J. 66, 1011–1021.leimide, and attachment of the fluorophore 69-tetramethylrhodamine
maleimide (TMRM) were performed as previously described (Man- Blaustein, R.O., Cole, P.A., Williams, C., and Miller, C. (2000). Teth-
nuzzu et al., 1996). Three to four days after injection and incubation ered blockers as molecular “tape measures” for a voltage-gated K1
at 128C, oocytes were incubated for 1 hr at 228C in tetraglycine channel. Nat. Struct. Biol. 7, 309–311.
maleimide to block native cysteines and washed. Oocytes were
Boland, L., Jurman, M., and Yellen, G. (1994). Cysteines in the Shakerwashed again 14 hr later and then labeled with either 50 or 5 mM
K channel are not essential for channel activity or zinc modulation.TMRM in a high potassium solution (92 mM KCl, 0.75 mM CaCl2, 1 Biophys. J. 66, 694–699.mM MgCl2, 10 mM HEPES [pH 7.5]) or low potassium solution (92
Catterall, W.A. (1995). Structure and function of voltage-gated ionmM NaMes, 0.75 mM CaCl2, 1 mM MgCl2, 10 mM HEPES [pH 7.5])
channels. Annu. Rev. Biochem. 64, 493–531.for 30 min on ice in the dark and kept at 128C until being voltage
clamped at room temperature. Cha, A., and Bezanilla, F. (1997). Characterizing voltage-dependent
conformational changes in the Shaker K channel with fluorescence.
Voltage-Clamp Fluorometry and Analysis Neuron 19, 1127–1140.
Two electrode voltage-clamp fluorometry was performed as de- Cha, A., and Bezanilla, F. (1998). Structural implications of fluores-
scribed previously (Mannuzzu et al., 1996), using a Dagan CA-1 cence quenching in the Shaker K channel. J. Gen. Physiol. 112,
amplifier (Dagan Corporation), illuminated with a 100 W mercury arc 391–408.
lamp, on a Zeiss IM35 microscope, using a 20 3 0.75 n.a. fluores-
Cha, A., Snyder, G.E., Selvin, P.R., and Bezanilla, F. (1999). Atomiccence objective (Nikon). Photometry was performed with a Hama-
scale movement of the voltage-sensing region in a potassium chan-matsu HC120–05 photomultiplier tube. The voltage clamp, photo-
nel measured via spectroscopy. Nature 402, 809–813.multiplier, and Uniblitz shutter (Vincent Associates) were digitized
Dart, C., Leyland, M.L., Spencer, P.J., Stanfield, P.R., and Sutcliffe,and controlled by a Digidata-1200 board using the PClamp7 or
M.J. (1998). The selectivity filter of a potassium channel, murine KirPClamp8 software package (Axon Instruments).
2.1 investigated using scanning cysteine mutagenesis. J. Physiol.Bath solutions consisted of 110 mM NaMES, 2 mM KMES, 2 mM
511, 25–32.CaMES2, 10 mM HEPES (pH 7.5), or 110 mM KMES, 2 mM CaMES2,
10 mM HEPES (pH 7.5). Oocytes were washed before being placed Doyle, D.A., Morais Cabral, J., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
in the bath, and bath solution was constantly perfused through the Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). The structure
chamber during recording if kinetics were required. The excitation of the potassium channel: molecular basis of K conduction and
light was reduced by neutral density filters (Chroma Technology) selectivity. Science 280, 69–77.
with either a 5% transmission or with two 5% neutral density filters
Durell, S.R., Hao, Y., and Guy, H.R. (1998). Structural models of the
in series resulting in 1.25% transmission. Light was filtered with an
transmembrane region of voltage-gated and other K1 channels in
HQ 535/50 excitor, an HQ 610/75 emitter, and a 565LP dichroic
open, closed, and inactivated conformations. J. Struct. Biol. 121,
(Chroma Technology). The voltage output of the photomultiplier was
263–284.
low-pass filtered at one quarter the sampling frequency with an
Elinder, F., and Arhem, P. (1999). Role of individual surface chargeseight-pole Bessel filter (Frequency Devices). A minimum of a 2 min
of voltage-gated K channels. Biophys. J. 77, 1358–1362.rest interval at the holding potential of 280 mV was given between
steps to 140 mV. Solutions were exchanged until current–voltage Glauner, K.S., Mannuzzu, L.M., Gandhi, C.S., and Isacoff, E.Y. (1999).
relations indicated no further change in reversal potential (usually Spectroscopic mapping of voltage sensor movement in the Shaker
10 min). Data analysis was done with the Clampfit programs of potassium channel. Nature 402, 813–817.
PClamp6 and Pclamp8 (Axon Instruments). Fluorescence and cur- Gonzales, C., Rosenman, E., Bezanilla, F., Alvarez, O., and Latorre,
rent traces were normalized and were not averaged unless so noted. R. (2000). Modulation of the Shaker K(1) channel gating kinetics by
the S3–S4 linker. J. Gen. Physiol. 115, 193–208.
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